Virus-induced immunosuppression is the major cause of the high morbidity/mortality rates associated with acute measles. It has been shown previously that mitogen-dependent proliferation of peripheral blood lymphocytes (PBL) was strongly impaired after contact with the measles virus (MV) glycoproteins F and H expressed on the surface of infected cells, cells transfected with the corresponding expression constructs or UV-inactivated MV (UV-MV). The state of unresponsiveness was not associated with the induction of apoptosis, and a significant proportion of PBL was found to be arrested in the G 0 /G 1 phase of the cell cycle. It is now shown that cell cycle cessation, rather than complete arrest, is induced after MV glycoprotein contact. No obvious role was found for p53 in the induction of this unresponsiveness. With UV-MV as effector, downregulation of p27, an inhibitor of cyclin-dependent kinase (CDK)-cyclin complexes, was significantly delayed after mitogenic stimulation of human PBL. The activities of both CDK4/6-cyclin D and CDK2-cyclin E complexes for phosphorylation of exogenous substrates in vitro were strongly reduced. CDK4, CDK6, cyclins D3 and E and, to a minor extent, CDK2 failed to accumulate at the protein level after mitogenic stimulation in the presence of UV-MV. These data indicate that MV-induced proliferative unresponsiveness of PBL to mitogenic stimulation is associated with a drastic deregulation of the expression of cell cycle genes essential for the G 1 /S phase transition.
Introduction
During acute measles, a virus-specific immune response is generated efficiently that leads to clearance of measles virus (MV) from peripheral blood and to the establishment of a lifelong immunity to reinfection (reviewed in Griffin, 1995) . At the same time, a marked suppression of immune functions is also observed, which is associated with a high susceptibility to opportunistic infections, with a constant high rate of morbidity and mortality worldwide (reviewed in Katz, 1995) . A marked lymphopenia and an impairment of delayed-type hypersensitivity reactions are characteristically observed in acute measles. This is considered a hallmark of MV-induced immunosuppression. Peripheral blood lymphocytes (PBL) isolated during and up to several weeks after acute measles reveal a strongly reduced ability to proliferate in response to Author for correspondence : Sibylle Schneider-Schaulies.
Fax j49 931 201 3934. e-mail s-s-s!vim.uni-wuerzburg.de mitogenic, allogenic and recall-antigen stimulation (reviewed in Borrow & Oldstone, 1995 ; Schneider-Schaulies & ter Meulen, 1998) .
The tropism of MV for cells of the lymphocytic and monocytic lineage is well established both in vivo and in vitro (Esolen et al., 1993 ; Schneider-Schaulies et al., 1991 ; Joseph et al., 1975) ; particularly, MV infection interferes with the proliferation and generation of specialized lymphocyte functions in vitro, but not with those already established prior to infection (Galama et al., 1980 ; Yanagi et al., 1992 ; McChesney et al., 1987 McChesney et al., , 1988 . Detailed analyses revealed that MV infection caused an arrest in the G " phase of the cell cycle in these cells (Yanagi et al., 1992 ; McChesney et al., 1987 McChesney et al., , 1988 .
Since the number of infected peripheral blood mononuclear cells (PBMC) during acute measles is generally low, loss or cell cycle arrest of PBMC directly induced by MV infection is not likely to account to a major extent for general MV-induced suppression of immune functions. Thus, alternative explanations have been proposed for this phenomenon. These include the production of inhibitory factors released from infected T or B cells Fujinami et al., 1998) , downregulation of cytokine receptors (Bell et al., 1997) , the induction of apoptosis in both infected and uninfected cells (Esolen et al., 1995 ; Auwaerter et al., 1996) or downregulation of stimulatory factors such as IL-12 after cross-linking of the cognate MV receptor, CD46 (Karp et al., 1996) . There is, however, also substantial evidence to suggest that a negative, cell contact-mediated signal is provided by infected cells directly that prevents mitogen-or T cell receptor-stimulated proliferation of uninfected lymphocytes (Sanchez-Lanier et al., 1988) . By using a mixed proliferation assay, we have shown that a short surface contact with UV-irradiated, MV-infected cells (presenter cells, PC) or UV-inactivated MV (UV-MV) induces a state of unresponsiveness toward mitogenic, anti-CD3 or allogenic stimulation in an up to 1000-fold excess of uninfected human and rodent lymphocytes (responder cells, RC) (Schlender et al., 1996 ; Schnorr et al., 1997 a, b) . On the basis of transfection experiments with appropriate MV F and H expression constructs and a recombinant MV genetically engineered to express a heterologous viral glycoprotein, we found that the two MV glycoproteins are necessary and sufficient to induce immunosuppression of RC in vitro and in an experimental animal model (Schlender et al., 1996 ; . Contact with PC did not induce apoptosis, but rather led to the accumulation of RC in the G ! \G " phase of the cell cycle, which could not be reversed by exogenous IL-2 (Schnorr et al., 1997 b) .
Cell cycle progression is regulated through the coordinated expression, post-translational modification and degradation of cyclin-dependent kinases (CDK) and their regulatory components, cyclins (reviewed in Morgan, 1995 Morgan, , 1997 Sherr & Roberts, 1995) . Cyclins, expressed at particular stages of the cell cycle, associate with specific CDK to form active kinase complexes, which phosphorylate multiple cellular proteins and promote cell cycle progression. Activation of CDK4\CDK6 complexed with D-type cyclins (in mammalian lymphocytes, particularly cyclin D3) in the mid G " phase and CDK2-cyclin E late in G " are particularly important for passing the G " \S restriction point. The activity of CDK-cyclin complexes is negatively regulated by CDK-inhibitory proteins, which belong to two distinct families : the INK4 proteins bind specifically to CDK4 and its close homologue, CDK6, whereas Cip\Kip proteins (p21 Cip , p27 Kip" and p57 Kip# ) can associate with a wide range of CDK-cyclin complexes, including CDK4\6-cyclin D and CDK2-cyclin E (reviewed in Sherr & Roberts, 1995) . In proliferating cells, p27 is found predominantly in CDK4\6-cyclin D complexes without inhibiting their kinase activity. Under growth-arresting conditions, p27 is translocated to CDK2-cyclin E complexes, inhibiting their activity (Reynisdo! ttir et al., 1995 ; Reynisdo! ttir & Massague! , 1997 ; Polyak et al., 1994) . p27 is also found in association with CDK2-cyclin E in resting lymphocytes and, upon activation, is inactivated by phosphorylation and subsequently degraded in an ubiquitin-dependent manner (Firpo et al., 1994 ; Nourse et al., 1994) .
To gain insights into the molecular mechanisms underlying MV-induced proliferative arrest in mitogen-stimulated RC, we have investigated the expression and activation of essential components of the G " CDK-cyclin complexes. We found that both G " CDK and cyclins are restricted at the protein level. The activities of CDK4-cyclin D and CDK2-cyclin E in particular are reduced in RC after co-cultivation with UV-MV. Moreover, levels of p27 were found to be more stable after mitogenic activation in these cells as compared with RC incubated with control supernatant or vesicular stomatitis virus (VSV). Both accumulation levels and activity of CDK2 were also found to be restricted in mitogen-stimulated mouse spleen cells co-cultivated with UV-MV. Thus, MV induced a deregulation of CDK-cyclin complexes essential for G " \S phase progression.
Methods
Cell culture and viruses. PBMC were isolated by Ficoll\Paque (Pharmacia) density-gradient centrifugation of heparinized blood from healthy adult donors and subsequently depleted of monocytes by plastic adherence to obtain PBL, which were further cultured in RPMI 1640 plus 10 % foetal calf serum (FCS). BJAB (human lymphoblastoid B cells) cells and BJAB cells persistently infected with the Edmonston (ED) B strain of MV (BJAB-EDp) were maintained in RPMI 1640 containing 10 % FCS. MV ED-B and VSV (Indiana strain) were propagated in Vero cells. Mock supernatant of uninfected Vero cells was prepared in an analogous manner to MV. Spleen cell suspensions from p53 KO mice (C57BL\6-Trp 53 tmlTyj ) (Jackson Laboratories) and their non-transgenic littermates were prepared by following standard procedures. Genotypic analysis of the p53 gene locus was done by PCR analysis (Jacks et al., 1994) .
In vitro proliferation assay. The assay was performed as described previously (Schlender et al., 1996) . In brief, PC (BJAB-EDp) were stained for the expression of MV surface antigens and subsequently UVirradiated (0n25 J\cm# in a biolinker). Proliferative inactivation was confirmed by [$H]thymidine labelling. For MV and VSV, the m.o.i. was determined before UV-inactivation with 1n5 and 5 J\cm#, respectively, and completion of inactivation was controlled by plaque assays. RC (PBL, murine spleen cells) were seeded into a 96-well plate at a density of 1i10& cells per well, together with 2n5 µg\ml phytohaemagglutinin (PHA, Sigma ; for PBL) or 10 µg\ml concanavalin A (Con A, Sigma ; for murine spleen cells), in a total volume of 100 µl. The PC (usually at a PC\RC ratio of 1 : 5), viruses (corresponding to an m.o.i. of 1 live virus) or mock supernatants were added in a total volume of 100 µl, incubated with RC for 48 h and subsequently pulsed for 16 h with 10 µCi [$H]thymidine (Amersham-Buchler). The incorporation rates were determined after harvesting by using a β-plate reader. Values of proliferative inhibition were determined relative to those obtained with RC cocultivated with uninfected PC or mock co-cultivated RC.
Immunohistochemistry and cell cycle analysis. Intracellular and cell surface staining was performed by using monoclonal antibodies directed against human p53 (clone PAb122 ; Pharmingen), MV-specific proteins (MV-F, MV-H) or an isotype control antibody (IgG " ; Coulter) following standard procedures. Secondary antibodies used for detection were rabbit anti-mouse antibodies conjugated with fluorescein isothiocyanate or phycoerythrin (Dianova). For cell cycle analysis, PBL were BGAA Measles virus and cell cycle progression Measles virus and cell cycle progression mixed with carboxyfluorescein diacetate succinimidyl ester (CFSE) solution (Molecular Probes) (final concentration of 2n5 µM) in RPMI 1640 (1i10( cells\ml) for 8 min at 37 mC. After addition of RPMI 1640 plus 5 % FCS, cells were washed with RPMI 1640 and used for BJABEDp\PBL co-cultivation as described. CFSE and immunofluorescent staining were analysed by FACScan.
Immunoblotting. For protein analysis, cells were washed once and lysed for 1 h in lysis buffer containing 50 mM HEPES, 150 mM NaCl, 10 % glycerol, 1 % Triton X-100, 1n5 mM MgCl # , 1 mM EGTA, 10 U\ml aprotinin, 10 µg\ml leupeptin, 1 mM PMSF, 200 µM sodium orthovanadate, 10 mM sodium pyrophosphate and 100 mM NaF. The content of total protein in the supernatant was determined after centrifugation and 50 µg protein was applied to SDS-PAGE followed by Western blotting. Mouse monoclonal antibodies against p27 Kip" (clone 57 ; Transduction Laboratories), cyclin D3 and cyclin E (clones DCS-22 and HE12 ; Pharmingen) or rabbit polyclonal antibodies against CDK2 (clone M2), CDK4 (clone H-22) and CDK6 (clone C-21) (Santa Cruz Biotechnology) and horseradish peroxidase-conjugated rabbit anti-mouse (Dianova) or swine anti-rabbit (DAKO) antibodies were used for detection. Western blots were developed after incubation with a chemoluminescence detection system (ECL, Amersham-Buchler) by autoradiography. Equal protein loading and transfer were controlled by Coomassie staining of the gels after transfer. For some experiments, Coomassie staining was also applied to the membranes.
Kinase assay. Cells were lysed in buffer containing 50 mM HEPES (pH 7n5), 1 mM DTT, 150 mM NaCl, 1 mM EDTA, 2n5 mM EGTA, 0n1 % Tween 20, 10 % glycerol, 2 µg\ml leupeptin, 2 µg\ml aprotinin, 1 mM PMSF, 10 mM NaF and 0n2 mM sodium orthovanadate, vortexed for 15 s at 10 min intervals for 1 h and subsequently centrifuged. Equal amounts of total protein from the supernatants were used for immunoprecipitation with anti-CDK4, anti-CDK6 or anti-CDK2 antibodies (Santa Cruz Biotechnology) and protein A-Sepharose beads (Boehringer Mannheim) (equilibrated in lysis buffer) for 1 h at 4 mC. After centrifugation, the complexes were washed twice each in lysis buffer and 50 mM HEPES (pH 7n5), 1 mM DTT, and resuspended in kinase buffer containing 50 mM HEPES (pH 7n5), 1 mM DTT, 2n5 mM EGTA, 10 mM MgCl # , 20 µM ATP, 0n37 MBq (10 µCi) [γ-$#P]ATP, 0n1 mM sodium orthovanadate, 1 mM NaF, 10 mM β-glycerophosphate and 10 µg purified GST-retinoblastoma protein (pRb) (the plasmid construct pRB773-928-GST was a kind gift from L. Zhu, MGH Cancer Center, Charlestown, MA, USA) or 10 µg histone H1 (Sigma) as substrates for CDK4\6 and CDK2, respectively. The assays were incubated for 30 min at 30 mC. The reaction was stopped by addition of 5i SDS sample buffer, giving a final concentration of 60 mM Tris-HCl (pH 6n8), 10 % glycerol, 2 % SDS and 5 % β-mercaptoethanol. After denaturation, samples were subjected to SDS-PAGE and specific bands were analysed and quantified by using a phosphorimager (Molecular Dynamics).
Results

Proliferative inhibition of mitogen-stimulated human PBL induced by persistently infected cells or UV-MV is associated with the accumulation of RC in the G 0 /G 1 phase of the cell cycle
In order to study MV-induced immunosuppression in vitro, we have employed an assay in which mitogen-dependent proliferation of PBL, freshly isolated from healthy donors (RC), was determined in the presence of UV-irradiated cells expressing MV surface glycoproteins (PC) or of UV-MV. We have found previously that expression of the MV glyco- Fig. 1 . Analysis of cell division frequency of mitogen-stimulated PBL cocultivated with BJAB (a-e) or BJAB-EDp (f-k). Freshly isolated PBL were labelled with 2n5 µM CFSE prior to co-cultivation with UV-inactivated BJAB or BJAB-EDp cells (PC/RC ratio 1 : 5) in the presence of PHA (2n5 µg/ml). After 24 (a, f), 48 (b, g), 72 (c, h), 96 (d, i) and 120 h (e, k) cocultivation, live PBL were analysed for CFSE intensity by FACScan. Cell divisions halve the CFSE content of the PBL, which can be seen as peaks with reduced fluorescence intensity to the left of the initial peak. A representative experiment of three is shown. In this particular experiment, the proliferative inhibition of the RC, as determined by [ Table 1 . Percentage of residual non-dividing PBL 120 h after PHA-stimulation in the presence of BJAB or BJABEDp cells
Human PBL were labelled with CFSE and co-cultured with UVirradiated BJAB or BJAB-EDp cells (PC\RC ratio 1 : 5). The percentage of cells that had not divided after 120 h co-culture is indicated for three independent experiments (expt 1 is shown in Fig. 1 Schnorr et al., 1997 b) . For the analysis of the actual cell cycling rates, the RC were labelled with CFSE and co-cultivated with UV-inactivated, persistently MV-infected BJAB-EDp cells (or, as a control, uninfected BJAB cells) at a PC\RC ratio of 1 : 5 in the presence of PHA. The dilution of the CFSE signal, indicating cell division, was monitored for 5 days following cocultivation. As evident from RC co-cultured with UVirradiated BJAB cells, the first cell division was detectable on day 2 following stimulation, and cells continued to divide until day 5 ( Fig. 1 d, e) . Isolated peaks could not be visualized later then 3 days following stimulation ( Fig. 1 a-c, f-h ). Cell division was also observed with MV-contacted RC, albeit at a reduced rate ( Fig. 1 f-k) , indicating that the RC were not arrested but were still cycling, although much more slowly. Seemingly, a higher percentage of cells had not divided on day 5 after BJABEDp co-cultivation in this particular experiment (Fig. 1 k) . This altered proportion could, however, not be observed in other similar experiments (Table 1) . 
MV-induced proliferative inhibition occurs independently of p53
Under certain conditions, accumulation of p53 is associated with the induction of growth arrest and apoptosis. To evaluate the role of p53 in MV-induced immunosuppression in vitro, PHA-stimulated human PBL were co-cultivated with UV-MV (m.o.i. of 1) or, as a control, with the corresponding amount of Vero cell supernatant, and stained for the accumulation of p53 after 72 h (Fig. 2 c) . As a positive control, PBL were treated with mitomycin C (Fig. 2 a) or UV-irradiated (Fig. 2 b) . The expression of p53 was detected by FACScan analysis. Although a proliferative inhibition of more than 70 % was observed in the RC culture treated with UV-MV compared with the mock-treated control, no major differences were observed in the levels of p53 accumulation (Fig. 2 c) . To confirm further that induction of p53 was essentially not required for MV-induced immunosuppression in vitro, Con Astimulated spleen cells isolated from p53 −/− or p53 +/+ mice were used as RC (Fig. 2 d) . The genotype with respect to disruption of the p53 gene was confirmed by PCR (not shown). Proliferative inhibition of spleen cell cultures induced by UVinactivated BJAB-EDp at two different PC\RC ratios was almost identical for p53 −/− or p53 +/+ mice, confirming that the effect did not depend on the presence of p53. caused a delay of mitogen-stimulated RC in S phase entry (Fig.  1) , the activity of CDK-cyclin complexes isolated from RC for phosphorylation of exogenous substrates in vitro was analysed. For this purpose, equal amounts of PBL extracts harvested at various intervals after mitogen-stimulation were used to immunoprecipitate CDK complexes, which were subsequently tested for their ability to phosphorylate histone H1 (CDK2) or recombinant pRb (CDK4 and CDK6) in the presence of Kip1 is delayed in PBL after treatment with UV-MV. Extracts from mitogen-stimulated PBL left untreated (lanes 1, 2, 6 and 10) or treated with mock supernatant (3, 7 and 11), UV-VSV (m.o.i. of 1) (4, 8 and 12) or UV-MV (m.o.i. of 1) (5, 9, and 13) were prepared before (lane 1) or 24 (2-5), 48 (6-9) or 72 h (10-13) after mitogenic stimulation and analysed for the expression of p27
Kip1 after PAGE and subsequent blotting. Proliferative inhibition determined after 72 h was 0 % for UV-VSV and 75 % for UV-MV treatment.
uninfected Vero cells (prepared in an analogous manner to the MV preparation) or UV-VSV (m.o.i. of 0n5) were used for coculturing. As expected, the activity of CDK4 and CDK2 complexes increased within 72 h of mitogen-stimulation in extracts isolated from PBL alone or PBL treated with mock supernatant (Fig. 3 a, c) . A similar pattern was observed in PHA-stimulated PBL after treatment with UV-VSV (Fig. 3 a, c) . The activity of CDK4 and CDK2 complexes, however, was not markedly enhanced after mitogen-stimulation of RC in the presence of UV-MV (Fig. 3 a, c) . In contrast to CDK2 and CDK4, the background activity of CDK6 was rather high and was not strongly elevated by mitogenic stimulation (Fig. 3 b) . However, a significant downregulation of CDK6 activity compared with the controls was observed reproducibly 72 h after UV-MV treatment (Fig. 3 b) . Thus, mitogen-induced upregulation of CDK4\6 as well as CDK2 kinase activities were impaired in RC in the presence of UV-MV, and this may explain why these cells only pass the G " restriction point at a low rate.
Mitogen-induced decay of p27
Kip1 is delayed in PBL co-cultivated with UV-MV Inhibition of the kinase activity associated with G " CDK prevents S phase entry. Two classes of CDK inhibitors have been identified ; one class (INK4, such as p16 Ink%a , p18 Ink%c and p19 Ink%d ) interferes with the formation of CDK4\6-cyclin D complexes while the other (including p21 Cip , p27 Kip" and p57 Kip# ) has a more generalized CDK inhibitory activity. In resting T cells, p27 is associated with CDK2-cyclin E complexes, from where it is released following activation. As expected, levels of p27 Kip" detected in extracts of mitogenstimulated human PBL left untreated or treated with mock supernatant had already decreased markedly within 24 h and were very low after 72 h (Fig. 4, lanes 1-3, 6 -7 and 10-11). A similar rate of p27 kip" decay was observed when mitogenstimulated PBL were treated with UV-VSV (m.o.i. of 1) (Fig. 4,  lanes 4, 8 and 12 ). In contrast, degradation of p27 Kip" occurred O. Engelking and others O. Engelking and others only after 48 h stimulation in the presence of UV-MV (m.o.i. of 1) (Fig. 4, lanes 5 and 9) , and the protein was still detectable after 72 h at significantly higher levels compared with the controls (Fig. 4, lane 13) . After densitometric quantification of the p27 Kip" -specific bands, half-lives of 24 h (PHA-stimulation without treatment), 28 h (mock treatment), 32 h (UV-VSV treatment) and 42 h (UV-MV treatment) were determined for this protein. Thus, delayed degradation of p27 Kip" could account for the low activity of CDK, particularly CDK2-cyclin E (Fig. 3 c) . Our attempts to investigate the expression levels of p21 Cip failed, since we could not detect this protein unequivocally.
CDK4/6, CDK2 and cyclins D3 and E fail to accumulate in mitogen-stimulated PBL treated with UV-MV
In addition to their regulation by inhibitors, the activities of the CDK complexes are also dependent on the levels of their components, the CDK and cyclins. A high level of CDK4 was found consistently in freshly isolated PBL, which dropped rapidly after stimulation (Fig. 5 a) . The steady-state levels of CDK4 then increased within 72 h in RC left untreated or cultured in the presence of mock supernatant or UV-VSV (m.o.i. of 1) and no major differences were observed at any time interval (Fig. 5 a, lanes 2-4, 6-8 and 10-12 ), except for a slight downregulation in mock-treated cells after 72 h (Fig. 5 a, lane  11 ; Table 2 ). The level of CDK4 in extracts isolated after UV-MV treatment (m.o.i. of 1) after 24 h was similar to that seen in the controls (Fig. 5 a, lane 5) ; however, the level did not increase markedly after 48 h (Fig. 5 a, lane 9) and was very low after 72 h (Fig. 5 a, lane 13 ; Table 2 ). Except for the high initial level of CDK4, the expression pattern of CDK6 was found to be very similar to that of CDK4 (Fig. 5 b ; Table 2 ). Remarkably, the levels of cyclin D3, the major catalytic subunit of the CDK4\6 complexes in lymphocytes, roughly paralleled those of the CDK subunits (Fig. 5 c) . Levels of the catalytic subunit CDK2 of the CDK2 complexes increased in untreated RC and in RC treated with mock supernatant or UV-VSV (m.o.i. of 1) after 48 or 72 h (Fig. 5 d, lanes 6-8 and 10-12 ), whereas only a restricted accumulation of this protein occurred in the presence of UV-MV (m.o.i. of 1) (Fig. 5 d, lanes 9 and 13 ; Table  2 ). Double bands visible in most lanes, as also seen for CDK4 (Fig. 5 a) , probably represent differential phosphorylation of the CDK. In contrast to cyclin D, the expression levels of cyclin E are tightly regulated and only rise for a short time around G " \S phase transition. Due to this particular regulation, the peak levels varied slightly in extracts prepared from mitogenstimulated untreated, mock-or VSV-treated (m.o.i. of 1) PBL (Fig. 5 e, lanes 7, 8 and 10 ). In contrast, cyclin E failed to accumulate to detectable levels at any time in PBL treated with UV-MV (m.o.i. of 1) (Fig. 5 e, lanes 5, 9 and 13 ). Since we failed to detect cyclin E expression in these extracts, we can not indicate its reduction in comparison to the other treatments on a quantitative basis. Thus, in addition to the prolonged presence of the inhibitor p27 Kip" , essential components of the active CDK4\6 and CDK2 complexes are expressed only at Table 2 . Quantitative analysis of CDK-and cyclin D3-specific signals in extracts of PHAstimulated human PBL Signals specific for CDK4, CDK6, CDK2 and cyclin D3 obtained at various times after PHA-stimulation of untreated human PBL (None) or PBL cultured in the presence of mock supernatant (Mock), UV-VSV or UV-MV were quantified by densitometry of the Western blots shown in Fig. 5 . Values represent stimulation of CDK or cyclin D3 expression after 48 or 72 h, as shown, compared with the corresponding signals seen after 24 h (which were set to 1 for each treatment). The double bands for CDK4 and CDK2 were quantified together.
Co-culture
greatly reduced levels after mitogenic stimulation of RC in the presence of UV-MV.
Discussion
It is well established that major subpopulations of PBMC, lymphocytes and monocytes, are infected during measles. The limited number of infected cells implies, however, that indirect mechanisms, such as soluble inhibitory factors or cell contactmediated signalling, leading to apoptosis or unresponsiveness, are probably more important for MV-induced immunosuppression than inhibition of lymphocytic functions brought about by infection.
In previous studies, we have shown that mitogen-induced proliferation of uninfected human and rodent PBL (RC) was inhibited in the presence of UV-inactivated MV-infected cells (PC), UV-MV and cells transfected to express the MV glycoproteins F and H, in a dose-dependent manner (Schlender et al., 1996) . We also found that the inhibition observed was independent of soluble mediators released from PC or RC following PC contact (Schlender et al., 1996) . Immunosuppression was also observed after transfer of 293 cells expressing the MV glycoproteins into cotton rats . Thus, these proteins are not only essential players in MV-induced fusion. They are also effector molecules, which induce by surface contact a state of profound unresponsiveness towards mitogenic stimulation, but not apoptosis, in an excess number of uninfected PBL (Schnorr et al., 1997 b) . A significant fraction of PBL accumulated in the G " phase of the cell cycle after co-cultivation with MV-infected PC (Schnorr et al., 1997 b) . We now describe that under these conditions mitogenstimulated PBL do not fail completely to progress through the cell cycle, but are strongly impaired in their ability to pass the G " restriction point to enter the S phase (Fig. 1) . The higher percentage of PBL that had not yet divided in the presence of BJAB-EDp cells after 5 days (Fig. 1 k) was not observed reproducibly, since in the other experiments the numbers of non-dividing cells were comparable when uninfected BJAB cells or BJAB-EDp were used for co-cultivation (Table 1) . Moreover, spleen cells isolated from experimentally infected cotton rats and labelled with CFSE prior to stimulation also revealed retarded division kinetics, but no residual population could be detected that completely failed to proliferate (Niewiesk et al., 1999) . MV infection has previously been linked to G " arrest in lymphocytic cell lines and primary human PBL (Yanagi et al., 1992 ; McChesney et al., 1987 McChesney et al., , 1988 . Since high input m.o.i. of MV were used in these studies, they do not allow us to distinguish whether cell cycle arrest was dependent on virus replication or resulted from the initial membrane signal after virus attachment. Most of our experiments aimed at the investigation of mechanisms of MV-induced cell cycle retardation were done using UV-MV instead of cells transfected with the MV glycoproteins because (i) the percentage of doubly positive cells is always limited and varies considerably between individual experiments and (ii) the presence of PC caused a significant level of background when whole cell extracts were used to analyse the expression levels of the CDK components and p27 Kip" on Western blots (not shown). Although UV-MV is able to pass through the membrane, it is likely that deregulation of the expression and activity of G " cell cycle control proteins is due to membrane contact-mediated signalling provided by the initial virus contact. This is because (i) UV-MV is replication incompetent, (ii) alterations of CDK2 activity and accumulation were also observed in rodent cells BGAF O. Engelking and others O. Engelking and others that do not support MV replication (Niewiesk et al., 1997 b ; O. Engelking, unpublished observations) and (iii) UV-inactivated VSV, which was included in some experiments as a control, had no comparable effects (Figs 3-5) .
Our analyses revealed that important components of the CDK complexes involved in S phase entry are restricted at both the protein and activity levels after mitogenic stimulation of PBL in the presence of UV-MV. For both the catalytic (CDK) and the regulatory (cyclins D3 and E) subunits, restrictions at the protein level were already obvious 48 h after stimulation, prior to the first cell division, when these proteins accumulated in the controls ( Fig. 5 ; Table 2 ). In spite of the low levels of particularly the regulatory subunits, most of the cells apparently reached the S phase, although with a significant delay compared with the controls (Fig. 1) . Regulation of CDK activity during the cell cycle is complex and occurs at both the transcriptional and post-transcriptional levels (Morgan, 1995 (Morgan, , 1997 . The expression of the catalytic subunits is mainly constitutive and their activity is regulated predominantly by phosphorylation and association with the regulatory subunits. Downregulation of the catalytic subunits at the protein level, as observed in mitogen-stimulated PBL in the presence of UV-MV, could be due to reduced synthesis or stability of these proteins. CDK4\6 or CDK2 are apparently not restricted initially at the level of synthesis ; however, differences were observed 48 h after stimulation (Fig. 5 a, b and d ; Table 2 ). There is, however, no evidence to suggest that a general blockage of cellular protein synthesis is induced in PBL in the presence of MV-infected PC or UV-MV, since both upregulation of activation markers and release of cytokines such as IFN-γ and IL-10 are not affected (Schnorr et al., 1997 b) . A reduction of total cellular RNA synthesis, as apparent after 48-72 h, was previously described in MV-infected T cells. This reduction was, however, dependent on ongoing virus replication (Yanagi et al., 1992 ; McChesney et al., 1988) . It is currently not known whether post-translational modifications, such as phosphorylation, which could be altered in MVarrested PBL, might additionally influence the stability of CDK4\6 and CDK2 at the protein level. The double bands specific for CDK4 and CDK2 (Fig. 5 a, d ) suggest that phosphorylation of these proteins may occur. It is, however, impossible to evaluate the potential functional consequences of this observation on the basis of Western blot analyses, since both activation and inhibition of CDK are regulated by phosphorylation, depending on the usage of phosphorylation sites (Morgan, 1995 (Morgan, , 1997 .
In contrast to the catalytic subunits of the CDK complexes, the expression of the regulatory subunits is strongly regulated during the cell cycle. Thus, the failure of particularly cyclin E to accumulate in mitogen-stimulated PBL in the presence of UV-MV is likely to be due to a blockage in the induction of this protein (Fig. 5 e) . Transcription factors required for the induction of cyclin E gene expression include c-myc (PerezRoger et al., 1997) . C-myc expression was not found to be affected at the transcriptional level in MV-infected T cells (Yanagi et al., 1992) . Although it was not tested, it is tempting to speculate that c-myc expression could be affected in our system. This is because c-myc expression is upregulated in the presence of IL-2 and thus depends on IL-2 receptor signalling. The expression of the IL-2 receptor was not affected in MVinfected T cells (McChesney et al., 1988) or PBL after cocultivation with MV-infected PC (Schnorr et al., 1997 b) . However, exogenous IL-2 did not rescue mitogen-dependent proliferation of these cells (Schnorr et al., 1997 b) , suggesting that IL-2 receptor signalling is impaired.
CDK2-cyclin E complex function is known to be a crucial regulator of the G " \S transition. In addition to assembly and phosphorylation of the complex, removal of p27 Kip" is an essential prerequisite for its activity for phosphorylation of cellular substrates including pRb. In quiescent T cells, this inhibitor is tightly associated with the complex and is only removed after activation, particularly upon IL-2-mediated signalling (Firpo et al., 1994 ; Nourse et al., 1994) . Phosphorylation of p27 Kip" destabilizes this protein and facilitates its ubiquitin-dependent degradation (Vlach et al., 1997) . Interestingly, kinases involved in this particular phosphorylation step also include the CDK2-cyclin E complex itself, for which p27 Kip" is both an inhibitor and a substrate (Mu$ ller et al., 1997 ; Vlach et al., 1997 ; Sheaff et al., 1997 ; Morisaki et al., 1997) . Inhibition of p27 Kip" association with CDK2-cyclin E complexes was also found to be dependent on newly synthesized cyclin E, and newly synthesized CDK2-cyclin E complexes trigger a positive feedback mechanism to activate pre-existing complexes through phosphorylation of p27 Kip" (Perez-Roger et al., 1997) . Thus, the blockage in cyclin E synthesis observed in PBL treated with UV-MV after mitogenic stimulation may not only lead to a depletion of CDK2-cyclin E complexes but also account for the delay in p27 Kip" degradation observed in these cells (Fig. 4) . Both effects contribute to our finding that CDK2-cyclin E complexes isolated from mitogen-stimulated PBL treated with UV-MV reveal a strongly impaired activity for phosphorylation of histone H1 in vitro (Fig. 3 c) .
Similarly to CDK2 complexes, the activity of both CDK4 and CDK6 complexes was affected in PBL in the presence of UV-MV (Fig. 3 a, b) . Due to the overall low activity in vitro of CDK6 complexes (Fig. 3 b) , it is unclear whether the seemingly lower extent of inhibition observed in UV-MV-treated PBL reflects a differential sensitivity of this complex as compared with the CDK4 complex (Fig. 3 a) . CDK4 and CDK6 are, however, not functionally redundant and are differentially regulated by mitogenic signals (Laliberte et al., 1998 ; Wang et al., 1997 Wang et al., , 1998 . The pronounced restriction of both the catalytic and regulatory subunits of CDK4 and CDK6 complexes found in UV-MV-treated PBL might be sufficient to explain their reduced activity in vitro (Fig. 5) , whereas the delay in p27 Kip" degradation may not be essential. This is because p27 Kip" is associated with these complexes in proliferating cells and does not interfere with their activity (Soos et al., 1996 ; Reynisdo! ttir et al., 1995) . Since we failed to detect the expression of p21 Cip" or CDK inhibitors of the INK4 family for technical reasons, we cannot exclude that other CDK inhibitors are also involved in UV-MV-induced cell cycle retardation in PBL. It is, however, unlikely that the induction of p53 and, as a result, p21 Cip" , contribute significantly, since p53 did not accumulate to significantly higher amounts in RC treated with UV-MV as compared with control cells (Fig.  2 a-c) . Moreover, spleen cells from p53 −/− mice were as responsive to the inhibitory signal as were those from their non-transgenic littermates (Fig. 2 d) . Direct induction of p21 Cip" by mediators including IFN is unlikely, since proliferative inhibition was found to be independent of the production of soluble inhibitory factors in our system (Schlender et al., 1996) .
The study of their deregulation by viral proteins has contributed much to the understanding of G " CDK complexes and their cognate targets, the pocket proteins. Subversion of normal growth control is exerted mainly by viruses that require, and thus actively support, S phase entry of their host cell. As a most recent example, a virus-encoded cyclin has been described that associates with both CDK2 and CDK4 and is able to bypass p27 Kip" -imposed G " arrest (Mann et al., 1999 ; Ellis et al., 1999) . Examples of virus-induced G " arrest are not that numerous and often include viruses that cause suppression of lymphocyte functions. Thus, treatment with the V3 loop of a human immunodeficiency virus type 1 clone induced a restriction of the IL-2-dependent expression of cyclin E and of CDK2-cyclin E activity in human T cells (Sakaida et al., 1998) . With MV, restrictions of G " CDK complexes in vitro are profound, and it will be interesting to delineate upstream mechanisms in order to identify the initial signalling events elicited by the initial interaction of the MV glycoproteins and surface molecules on human lymphocytic cells.
After submission of this manuscript, a study on a G ! -like block of cell cycle progression in MV-infected T cell cultures was published (Naniche et al., 1999) .
